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University of Cambridge, Cambridge, United KingdomABSTRACT Protein-protein recognition regulates the vast majority of physiological or pathological processes. We investigated
the role of hydration in collagen recognition by bacterial adhesin CNA by means of first principle molecular-dynamics samplings.
Our characterization of the hydration properties of the isolated partners highlights dewetting-prone areas on the surface of CNA
that closely match the key regions involved in hydrophobic intermolecular interactions upon complex formation, suggesting that
the hydration state of the ligand-free CNA predisposes the protein to the collagen recognition. Moreover, hydration maps of the
CNA-collagen complex reveal the presence of a number of structured water molecules that mediate intermolecular interactions
at the interface between the two proteins. These hydration sites feature long residence times, significant binding free energies,
and a geometrical distribution that closely resembles the hydration pattern of the isolated collagen triple helix. These findings are
striking evidence that CNA recognizes the collagen triple helix as a hydrated molecule. For this structural motif, the exposure of
several unsatisfied backbone carbonyl groups results in a strong interplay with the solvent, which is shown to also play a role in
collagen recognition.INTRODUCTIONMost protein molecules have been evolutionary selected to
have biological activity in aqueous environments. Not
only does water play a key role in balancing that factors
that define the structural properties of proteins in solution,
it is also an active biological molecule that is involved in
the majority of the processes that occur in cells (1–3). It is
therefore increasingly recognized that the hydration shell
of proteins should be considered an integral part of these
macromolecules to fully account for the physical principles
underlying their biology (1). However, defining water prop-
erties at biological interfaces is a complex task, and despite
the large number of studies that have been performed to
date, the overall picture remains fragmented. Few studies
have approached this challenge experimentally due to the
difficulty of targeting biological waters, whose properties
are often overwhelmed by the bulk solvent (4). However,
theoretical approaches, and molecular simulations in partic-
ular, have enhanced our understanding of the nature of
protein hydration and its influence on structural stability
(5), enzyme catalysis (6), protein-protein interactions (7),
and protein-DNA interactions (8). Buried water molecules
have been shown to influence the structural dynamics of
proteins (9,10), whereas surface waters can play a crucial
role in biomolecular interactions and the processes that
lead to protein aggregation into amyloid fibrils (11,12).
The mechanisms by which solvent mediates protein interac-
tions are diversified and include both entropic and enthalpic
contributions to the binding affinity (1,11,13–16). In some
circumstances, macromolecular interactions can be estab-
lished through water molecules at the interface of theSubmitted November 8, 2010, and accepted for publication March 9, 2011.
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(8). In other cases, the formation of large, dry interfaces
between macromolecules implies that the hydration influ-
ences the molecular docking in an indirect way (i.e., by se-
lecting interfaces with a higher propensity to desolvate (3)).
In this study, we explored in detail the role of hydration in
collagen recognition and binding by macromolecular recep-
tors. Collagen is the most abundant protein in vertebrates
(17) and is characterized by 1), a peculiar amino acid
composition that is unusually rich in glycine, proline, and
(2S,4R)hydroxyproline (Hyp) residues; 2), a repetitive
sequence pattern of the type Gly-X-Y; and 3), a character-
istic structure in which three polyproline II chains wrap
along a common axis (designated the triple helix motif)
(18–21). Although the collagen triple helix is particularly
suitable as a rigid scaffold and is often employed for
mechanical purposes, there is mounting evidence that this
structural motif is also involved in signaling and recognition
processes (17,22,23). For instance, human collagens are the
target of adhesins from harmful bacterial pathogens (24).
Collagen binding proteins are clustered in two general
classes that recognize either specific collagen sequence
motifs or the generic collagen consensus sequences Gly-
Pro-Pro or Gly-Pro-Hyp (22). To date, three binding modes
based on specific collagen sequences have been structurally
characterized (25–27), whereas only one case with aspecific
collagen sequence recognition, involving the collagen-
binding protein from Staphylococcus aureus (collagen
binding adhesin (CNA)) and the peptide [(GPO)4GPRGRT
(GPO)4]3 (24), has been characterized by x-ray crystallog-
raphy. Although this structure has provided fundamental
clues regarding recognition by a bacterial protein of a wide-
spread collagen sequence motif, its limited resolution
(3.29 A˚) has prevented the localization of solvent moleculesdoi: 10.1016/j.bpj.2011.03.033
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associated with a unique hydration pattern that has been
shown to be crucial for its stability (28), this missing infor-
mation may be essential for unveiling fundamental aspects
of collagen recognition by CNA.
Our goal in this studywas to address the role of hydration in
collagen binding and recognition by CNA. To that end, we
conducted extensive molecular-dynamics (MD) simulations
of the CNA and the collagen-like peptide [(GPO)4GPRGRT
(GPO)4]3 in both unbound and bound states to gain insights
into water structure and dynamics at protein surfaces and
protein-protein interfaces. Our analyses of the isolated part-
nering molecules showed a significantly good agreement
with available experimental data, thus supporting the reli-
ability of the employed approach for describing the hydration
of both globular andfibrouspeptide/proteins.The results high-
light the role played by hydration in the processes of collagen
recognition and binding by CNA, as well as the importance of
macromolecular solvation for identifying regions that are
prone to be involved in protein-protein interactions.MATERIALS AND METHODS
Models and simulation parameters
MD samplings were performed on protein structures generated on the basis of
the structural information provided by the complex between CNA and
[(GPO)4GPRGRT(GPO)4]3 (PDB code 2F6A). In this crystal structure, the
collagen-like peptide binds two independent adhesin molecules (24). A set
of simulations was carried out on the unbound CNA (ApoCNA) and the
collagen-like peptide [(GPO)4GPRGRT(GPO)4]3. To avoid any bias on the
hydration status of the protein derived from theMD analyses, crystallographic
water molecules were removed from the starting models. The analysis of the
collagen-like model in its unbound state was conducted by considering the
polypeptide [(GPO)4GPRGRT(GPO)4]3, whereas the starting coordinates of
ApoCNA were derived from the crystal structure of the protein determined
at 1.95 A˚ (PDB code 2F68) (24). A missing fragment from this structure,
namely, the linker connecting the N-terminal (N1) and C-terminal (N2)
domains that resulted in partial disorder in the crystal state (residues
166–169), was generated with the use of molecular modeling algorithms. It
waspreviouslydemonstrated that the structureofCNAis stabilizedby thepres-
ence of an isopeptide bond formed by the side chains Lys-176 and Asn-293
(29). This bond was explicitly parameterized in the simulated CNA models.
We generated the model of the bound state (CNA-coll) composed of
CNA and the collagen-like peptide [(GPO)4GPRGRT(GPO)4]3 by using
the crystal structure of the complex as a template (PDB code 2F6A) (24).
Because the complex had very low resolution (3.29 A˚), we replaced the
CNA structure with the high-resolution model of ApoCNA (PDB code
2F68), which allowed us to start the minimizations and simulations with
a better stereochemical model. The starting structure of the complex was
also modified in its triple helix portion. In the crystal structure of the
complex between CNA and [(GPO)4GPRGRT(GPO)4]3, Hyp residues
were modeled assuming the (2S,4S) diastereoisomer. Because peptides con-
taining (2S,4S)Hyp are unable to fold into triple helices (18,30–33), we
rebuilt the [(GPO)4GPRGRT(GPO)4]3 peptide by assuming for Hyp the
naturally occurring (2S,4R) diastereoisomer, which is known to stabilize
the triple helix. The resulting model of the complex was optimized with
a series of energy minimizations both in vacuo and in water.
We carried out an independent simulation of the complex by considering
a shorter collagen model [(GPO)4GPRGRT]3 (CNA-coll-short),
corresponding to the triple helix region that directly interacts with theBiophysical Journal 100(9) 2253–2261adhesin. The CNA-coll and CNA-coll-short simulations provided consistent
results with respect to both the hydration analyses and the conformational
properties of the complex; therefore, we refer to the former throughout the
text. However, we computed the binding free energies of hydration (vide
infra) on the CNA-coll-short model because it provided faster convergence.Simulation parameters
We performed MD simulations with the GROMACS package (34) by using
the all-atom AMBER99sb force field (35,36) in combination with the
TIP4P-ew explicit water model (37). The latter was specifically optimized
for MD simulations performed with the use of Ewald summation methods,
and showed extremely good agreement with experimental data over a range
of temperatures. It was previously reported that the combination of
AMBER99sb and TIP4P-ew provides a very good method for sampling
protein and peptide conformations, as shown by cross-validation with
NMR scalar couplings and relaxation (38). The simulations were carried
out in the NPT ensemble with periodic boundary conditions at a constant
temperature of 300 K. A rectangular box was used to accommodate the
protein/peptide, water molecules, and ions. The systems included 16,971,
7339, and 17,614 water molecules (totaling 72,495, 30,496, and 76,204
atoms, respectively) for ApoCNA, collagen-like peptide, and the complex
(CNA-coll), respectively. The CNA-coll-short simulation was composed
of 16,703 water molecules (totaling 72,195 atoms). Additional information
on the simulation parameters is available in the Supporting Material.Hydration analysis
We analyzed the MD samplings to compute solvent density maps whose
maxima represent the MD hydration sites (MDHS) (39–41). We then
characterized the dynamics of waters in the hydration sites by extracting
the residence times from the water autocorrelation functions. Further details
on the calculation of solvent density maps and water residence times are
reported in the Supporting Material.Free energy of water binding: double decoupling
method
To compute the free energy of binding ofwatermolecules from the interior of
proteins, we used the double-decoupling method (42). In this method, the
free energy is obtained by computing the contributions of water removal
from the protein cavity and from the bulk solvent to the gas phase. Although
the removal of a water molecule from the bulk solution is quite straightfor-
ward, the calculation of the standard free energies of transferring a water
from the complex to the gas phase is somewhat complex. This is particularly
true for the part of the integral where water is weakly coupled to the protein,
because such an evaluation would require the water molecule to explore the
entire simulation box to achieve a convergent simulation. To circumvent this
problem, we forced the water to occupy the binding site by using harmonic
restraints while decoupling the interactions with the protein. This procedure
corresponds to transferring the water into an ideal gas constrained in the
binding site. More details regarding this procedure can be found elsewhere
(11,42). The calculations were performed in both forward and reverse direc-
tions by thermodynamics integration (see the Supporting Material for
details). The discrepancy between the free-energy values obtained from
the forward and reverse calculations provides an estimate of the error.Identification of dehydrated patches on protein
surfaces
We conducted an amino-acidic hydration shells (aaHS) analysis by assign-
ing to each residue a hydration shell composed of grid points from the
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residue solvation properties were thus averaged on the respective aaHS grid
points. We computed the averages by excluding points that were not visited
by waters during the MD simulation. In our analyses, we considered only
residues that were located at the protein surface, which were selected on
the basis of their solvent-accessible surface area.
We used two indexes to describe the solvation properties of individual
residues. The first index is computed as the mean value of the solvent
density in its aaHS. The second index, designated the dewetting index, is
computed as the fraction of grid points of the aaHS that present a lower
solvent density than the bulk solution. We found an inverse, nonlinear
correlation between the dewetting index and the average residue hydration
(see Fig. S2 A). From this plot, we defined a dewetting index lower bound of
0.69 to individuate dewetting-prone residues on the protein surface. It is
worth noting that the dewetting index is independent of the surface exten-
sion of the residues, as suggested by the lack of correlation with the total
number of grid points comprising the aaHS (Fig. S2 B).FIGURE 1 Dynamics and stability of the collagen-like triple helix. (a)
Structure of the starting conformation of the collagen triple helix motif.
The model, composed of three peptides of sequence [(GPO)4GPRGRT
(GPO)4]3, was derived from the coordinates of the x-ray structure 2F6A.
The triple helix is divided into three regions of different amino acid compo-
sitions. This sequence is capped at the termini by the gly-pro-hyp sequence
(GPO) and contains the amino acid triplets GPR and GRT in the centralRESULTS
We investigated the role of hydration in collagen recogni-
tion by CNA by means of first principle MD samplings
with explicit titration of water molecules and protein atoms.
The simulations were carried out on the unbound partners
(ApoCNA and [(GPO)4GPRGRT(GPO)4]3) and the
complex (CNA-coll and CNA-coll-short) with the use of
the AMBER99sb force field (35,36) and the TIP4P-ew
water model (37). To evaluate the accuracy of our computa-
tional approach, we tested the stability of the triple helix
motif in the simulations of the collagen-like peptide and
compared the calculated hydration patterns with those re-
ported in the corresponding crystal structures.part. (b) Evolution of total main-chain/main-chain H-bonds. (c) RMSD of
the trajectory structures versus the x-ray model (Ca atoms only). (d) Distri-
butions of Ca RMSD of the trajectory structures versus the x-ray model.
The calculation was repeated separately for the N- terminal, central, and
C-terminal regions of the peptide. (e) Triple helix bending angle of the
trajectory structures. This angle was calculated from the centers of mass
of the N-terminal, central, and C-terminal fragments of the peptide.Collagen-like peptide dynamics and structural
stability
The fibrous nature of collagen molecule precludes atomic-
resolution investigations of full-length natural molecules;
however, the use of peptide models that embed repetitive
sequence motifs characteristic of collagen has been shown
to be effective for unveiling the structural and thermody-
namic properties of collagen molecules (18,43). The peptide
(GPO)4GPRGRT(GPO)4, which assumes a stable triple-
helical collagen-like structure due to the presence of several
GPO triplets in its sequence (Fig. 1 A), is able to tightly bind
CNA in solution (24). We assessed the dynamics properties
of the isolated [(GPO)4GPRGRT(GPO)4]3 triple helix
model in a 50 ns MD by using the AMBER99sb force field
(35,36) and TIP4P-ew (37) explicit water molecules.
A direct indicator of the stability of the triple helix motif is
the number of conserved main-chain hydrogen (H)-bonds
along the trajectory (Fig. 1B). These intermolecular H-bonds
are peculiar to the triple helix motif and are established
between the amide group of the Gly residues and carbonyl
groups from complementary peptides that form the triple
helix. Fig. 1 B suggests that the employed force field and
simulation setup were able to maintain the initial H-bondingpattern of the structure, with an average number of 24.7
(5 0.78) native main-chain H-bonds. The simulated struc-
tures also show moderately low root mean-square deviations
(RMSDs) (calculated on the Ca atoms) from the x-ray struc-
ture (average value of 2.275 0.49 A˚; Fig. 1 C). The RMSD
values are smaller when they are separately computed from
three consecutive segments of the peptide. Of these, RMSD
values for the N- and C-terminal regions of the peptide
(i.e., composed exclusively of GPO triplets) are on average
smaller than those of the central region (Fig. 1 D), which in
addition to imino acids contains Arg residues. These data
are consistent with the presence of a principal motion
involving a global bending angle around the central region
of the peptide (Fig. 1 E), which implies larger RMSD values
for both the whole molecule and the central part of the
peptide. The increased flexibility of the amino-acid-rich
region is in line with previous observations from MD anal-
yses of other collagen-like polypeptides (28,44–46).Biophysical Journal 100(9) 2253–2261
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hydration analysis
We performed MD simulations of the [(GPO)4GPRGRT
(GPO)4]3 peptide to characterize the hydration state of the
triple helix in solution. The resulting solvent density maps
highlight a number of strong peaks (MDHS; see Materials
and Methods) mainly surrounding the carbonyl groups of
the main chain and the hydroxyl groups of Hyp side chains
(Fig. 2 A). The geometrical distribution of these sites and the
formation of extended water bridges show an encouraging
agreement with crystallographic data (47–49). The analysis
of the water dynamics in the hydration sites indicates that
although the MDHS exhibit high occupancy values, their
residence times are quite short even though they are located
in the first hydration shell of the molecule and form stable
H-bonds with the peptide (Table 1). The simultaneous
high occupancy and low residence time of MDHS
surrounding the peptide is in agreement with the hopping
model for triple helix hydration (50).MD of ApoCNA
To assess the evolution of the ApoCNA structure in the
simulation timescale (50 ns), we used a number of stereo-
chemical parameters, which suggested that the gyration
radius and the secondary structure elements of the starting
crystallographic model were retained along the trajectories
(Fig. S3). The RMSD profiles of the entire molecule and
individual subunits (Fig. S3 C) highlight large-amplitude
structural fluctuations that are due to the mutual orientation
of the two subunits. Whereas the single domains present
rather low and steady RMSD values (~1.1 A˚), the whole
molecule shows a large and irregular RMSD profile, indi-
cating interdomain motions. However, the root mean-square
fluctuation (RMSF) profile suggests a significant flexibility
of the linker connecting domains N1 and N2 (Fig. 3, red
line), which is in agreement with the disordered state of
this fragment as found in the crystallographic structureFIGURE 2 Agreement between crystallographic water molecules and
MDHS. (a) Collagen-like peptide hydration: computational (red maps)
versus x-ray (green CPKs) water sites from the collagen structure (PDB
code 1BKV). (b) Distribution of the atomic distance between calculated
and x-ray (PDB code: 2F68) hydration sites in the ApoCNA hydration.
The MDHS are superimposed on the x-ray structure by means of a local
structural fit. The dashed line marks the conventional water radius (1.4 A˚).
Biophysical Journal 100(9) 2253–2261(24). This flexibility is then significantly reduced upon
collagen binding (Fig. 3, black line).Hydration of ApoCNA
The hydration analyses of ApoCNA showed several tightly
bound waters located at the protein surface (Fig. 4 A). We
found a good agreement between the calculated solvent
density maps and available x-ray data (24), with 98 out of
166 crystallographic water molecules located within 1.4 A˚
(i.e., the conventional radius employed for water molecules)
from the closest MDHS, or 128 out of 166 lying within 2 A˚
(Fig. 2 B and Fig. S4). We then analyzed the dynamics of
waters in the second hydration shell. The resulting distribution
of the residence times ofH-bonds that formed betweenwaters
from thefirst and second hydration shells is higher andbroader
than that of H-bonds in the bulk solution (Fig. S5), suggesting
a pairing effect between the first and second hydration layers.
The calculated hydration map of ApoCNA shows
a uniformly hydrated surface; however, a deeper analysis
based on the aaHS (see Materials and Methods and Fig. S2)
highlights clusters of surface residues that exhibit a signifi-
cant degree of dewetting (Fig. 4, B–E). Of interest, some of
the dewetting-prone patches correspond to surfaces that are
involved in contacts between symmetry-related copies of
the protein in the crystalline state (Fig. S6), which suggests
that surface dewettingmay be one of the factors that influence
protein-protein association during crystallization.
Some of the CNA dewetting-prone surfaces feature
exposed aromatic side chains and large areas lacking
MDHS (78.50 A˚2, 88.37 A˚2, and 94.98 A˚2 for Tyr-175,
Phe-193, and Tyr-233, respectively, as estimated from the
polygons connecting the surrounding hydration sites;
Fig. 4, C–E, black dashes). Of interest, such aromatic resi-
dues on the protein surface correspond to key amino acids
involved in tight hydrophobic interactions that stabilize
the complex CNA-coll, as suggested by both the crystallo-
graphic structure (24) and our simulations (Fig. 5). This
correspondence indicates that the hydration state of
ApoCNA predisposes the protein to engage in key hydro-
phobic interactions upon complex formation, which likely
influences protein-protein recognition by relieving
a substantial part of the desolvation free energy upon forma-
tion of large intermolecular surfaces (3,11,15,16,40).MD of the CNA-collagen complex
Our analysis of the stereochemical parameters used to assess
the structural evolution of the system along the MD trajec-
tories indicates that the bound-state CNA-coll is stable in the
simulation timescale (50 ns). RMSD values from the x-ray
model (24) of the individual N1 and N2 domains of CNA
are moderately small; however, the overall RMSD values
of the complex are significantly higher (Fig. S7). The prin-
cipal factors that determine these high overall RMSD values
TABLE 1 Structured water molecules
Collagen bound to CNA Collagen
Water* Residence times (ps) Occupancy factors DG of binding (kJ/mol)y Residence times (ps) Occupancy factors
W1 352.3 0.73 0.69 (0.13) 44.3 0.68
W2 1248.3 0.91 1.72 (0.27) 189.3 0.69
W3 1975.8 0.69 1.38 (0.25) 68.7 0.72
W4 542.3 0.94 0.94 (0.12) 42.2 0.63
W5 435.2 0.83 1.01 (0.25) 180.7 0.77
W6 954.3 0.97 0.77 (0.12) 29.9 0.66
W7 836.1 0.90 0.82 (0.05) 8.1 0.54
W8 2085.3 0.86 1.88 (0.38) 242.3 0.93
W9 845.2 0.59 0.81 (0.13) 101.6 0.50
W10 394.1 0.56 0.71 (0.09) 33.2 0.53
W11 2406.3 0.83 1.77 (0.32) 241.5 0.82
W12 1281.2 0.91 1.12 (0.12) 5.2 0.51
W13 422.2 0.72 0.51 (0.08) 56.1 0.67
*Numbering as in Fig. S8.
yErrors in parentheses are estimated as the difference between forward and reverse integrations.
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and N2 domains and the fluctuations of the triple helix,
which maintain the general features of the isolated collagen
molecule with a global bending motion (Fig. S7 B) and
a stable number of intermolecular main-chain H-bonds
(Fig. S7 C). In addition to the low RMSD values associated
with the individual N1 and N2 domains, the stability of the
CNA molecule is also shown by the preservation of
the secondary structure elements along the trajectory
(Fig. S7 D). The distribution of bending angles of collagen
is not perturbed upon binding (Fig. S7 E); however, the rates
of interconversion of different bending states, estimated by
means of the time autocorrelation function (Fig. S7 F), are
affected such that that the characteristic relaxation time
increases from 65 ps of the free state to 201 ps for bound
states. This finding indicates that although the conforma-FIGURE 3 Residue RMSFs of ApoCNA. The RMSF values were
computed by considering the plateau region of the simulation (20–50 ns).
A ribbon representation of the protein is drawn by means a color scale
ranging from red (for low RMSF values) to blue (for high RMSF values).
The plot reports the RMSDs of CNA in the free form (red line) and when
bound to collagen (black line).tional properties of the collagen are unaffected upon
binding, the triple helix has slower dynamics.
Of note, despite the interdomain motion between the N1
and N2 domains, and the large bending fluctuations of the
collagen, the hydrophobic interactions that stabilize the
binding between CNA and the triple helix were significantly
stable throughout the simulation (Fig. 5). The preservation
of these hydrophobic contacts, which are formed by the
side chains Tyr-175, Phe-193, and Tyr-233 of CNA and
proline residues of the triple helix, highlights the key role
played by these interactions in stabilizing the complex.FIGURE 4 Solvent density map of adhesin. MDHS arising from the
solvent density map are dawn by curve levels embedding regions with
a water density higher than twice the bulk value. (a) Blue, yellow, and green
ribbons are used for domains N1 and N2 and the connecting loop, respec-
tively. The plot highlights the incomplete Ig fold of N1, which is completed
by the C-terminal strand of the protein. Dewetting-prone residues are drawn
as red sticks. (b) Key patches for CNA-collagen interaction. CNA is shown
by ribbons (color code as in panel a). The molecular surface is drawn for
domains N1 and N2. Panels c–e show a close-up view of the three patches
(Tyr-175, Phe-193, and Tyr-233, respectively). Dashed lines mark the
boundary of the dewetted regions by means of polygons connecting the
surrounding hydration sites.
Biophysical Journal 100(9) 2253–2261
FIGURE 6 Key waters at the interface between collagen and adhesin. (a)
Top view of the complex. Cyan, yellow, and violet ribbons are used for
domains N1 and N2 and the connecting loop, respectively. Collagen is
shown by means of a red trace connecting Ca atoms. MD hydration sites
are shown by green CPKs located in the peaks of the solvent density
map. Side chains explicitly involved in the protein-water interactions are
plotted by means of sticks. Panels b and c show a close-up view of a specific
bridging water at the interface of the two proteins. (c) Hydration map of the
site for the unbound collagen (red curve levels) and collagen bound to CNA
(green curve levels).
FIGURE 5 Preservation of the stacking interactions in the sampling. The
top inset reports the evolution of the distances between center of masses of
key aromatic residues from CNA and Pro residues from collagen. Black,
red, and green lines are employed for Tyr-175, Phe-193, and Tyr-233,
respectively. The CNA-coll complex is represented by cyan, yellow, and
violet ribbons, which are used for domains N1 and N2 and the connecting
loop, respectively. Collagen is shown by red traces connecting the Ca
atoms. Side chains involved in tight hydrophobic interactions stabilizing
the complex are represented by sticks.
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Because the CNA-coll crystal structure was resolved at a
limited resolution, it could not provide information on struc-
tured water molecules within the complex. However, the
encouraging agreement between the calculated and x-ray
hydration sites in the unbound ApoCNA and collagen-like
peptide prompted us to investigate the hydration properties
of the complex. The hydration maps calculated from MD
samplings of CNA-coll revealed an intricate network of
structured waters localized at the interface between the
two proteins. Thirteen waters were employed to bridge the
collagen and CNA groups by means of water-mediated
H-bonds (Fig. 6). Very similar results were obtained in the
simulation (CNA-coll-short) carried out by considering
only the peptide moiety ([(GPO)4GPRGRT]3) that directly
interacted with the adhesin.
These water-mediated interactions were more abundant
than the intermolecular interactions that were directly estab-
lished between collagen and CNA. Most of these bridges are
composed of a single water molecule (Fig. S8). In a few
cases, two water molecules participated in the solvent-medi-
ated protein-protein interactions. Whereas CNA essentially
employs side chains to engage H-bonds with the bridging
waters, collagen interacts by means of main-chain carbonyl
groups or hydroxyproline side chains. Remarkably, the
bridging water molecules at the protein-protein interface
of the complex are conserved in the hydration pattern of
the isolated collagen peptide (Fig. 6, B and C, andBiophysical Journal 100(9) 2253–2261Fig. S8), although they show different dynamics. The water
residence times in the case of the isolated collagen are rela-
tively short, which is typical of convex protein shapes (51),
whereas in the case of the CNA-coll complex, the residence
times in the corresponding hydration sites assume values
comparable to those exhibited by partially or totally buried
waters in the interior of globular proteins (Table 1). The free
energy of binding of the bridging waters in the CNA-coll
complex, which we calculated by using the double decou-
pling method of Hamelberg and McCammon (42), indicates
an average stabilizing contribution of ~1 kcal/mol per
hydration site (Table 1). This suggests that the waters play
a key role in the stabilization of the complex.DISCUSSION
A detailed characterization of the water structure and
dynamics at biological interfaces is fundamental for
a complete understanding of the processes that occur in
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patches and surfaces that are prone to dewetting is particu-
larly important for the macromolecular recognition process
because it allows the selection of complementary surfaces
and modulates the binding affinity between molecules
(3,52). Biological waters are therefore important not only
for stabilizing the functional complexes but also for
ensuring the ability of macromolecules to recognize their
binding partners (52). This study illustrates the latter point
very clearly by showing that dewetted patches in the
unbound form of the collagen receptor CNA correspond to
surfaces that are employed in hydrophobic protein-protein
interfaces upon binding. The resulting intermolecular inter-
actions that form upon binding by dewetted surfaces from
the N2 domain of CNA and Pro residues from the collagen
triple helix have a key role in stabilizing the complex, and
remained stable in our MD simulations (Fig. 5). Thus, the
hydration state can predispose the receptor to interact with
collagen by relieving part of the free-energy cost associated
with the desolvation of large surfaces. Dewetted hydro-
phobic patches on the ApoCNA also suggest that waters
have an active role in mediating the recognition of collagen.
Indeed, long-range hydrophobic forces have been elegantly
connected to the strong correlation and coupling of the
dipoles of the water molecules at the two hydrophobic
surfaces (53). This is consistent with atomic force micros-
copy experiments showing that the energy of attraction
between two hydrophobic monolayers deposited on mica,
at 3 nm separation distance and at 25C, is ~4 kBT/A˚
2 (54).
Whereas ApoCNA hydration predisposes the protein to
collagen recognition by means of dewetting-prone regions,
the CNA-collagen complex actively employs water mole-
cules to bridge groups from the two partner molecules.
The interfacial hydration sites in the complex show elevated
residence times and binding free energies that correspond to
an overall stabilizing contribution of about ~10 kcal/mol
(i.e., by assuming that the free-energy contributions of indi-
vidual molecules are additive). Of note, the geometrical
distribution of water bridges across collagen and CNA is
templated by the hydration pattern of the isolated collagen
triple helix. Because the hydration pattern of collagen is
an integral part of this structural motif (28,55), this finding
suggests that CNA recognizes the triple helix as a hydrated
scaffold by employing collagen hydration sites as anchor
points for binding. This strategy recalls the aspecific
protein-DNA binding that is also mediated by patterns of
waters along the double-helix structural motif (56).
Although DNA and collagen exhibit both structural and
chemical differences, these two macromolecules also share
some similarities, as both are characterized by regular
hydration patterns arising from the three-dimensional
arrangement of hydrophilic groups. These hydration
patterns are somehow recognized by the respective protein
partners and employed to mediate interactions that lead to
binding.The dual influence that protein hydration exerts on
collagen binding by the adhesin CNA reflects the unique
role that solvent plays in the collagen structure. In this struc-
tural motif, the exposure of several unsatisfied backbone
carbonyl groups favors a strong interaction with the solvent.
Although the effective role played by the hydration layer of
collagen in stabilizing the triple helix is still highly debated
(18,21,28,55,57–61), our finding that collagen hydration is
preserved upon protein-protein interaction strongly supports
the idea that water patterns should be considered as an inte-
gral part of collagen molecules.
Collagen is recognized by its biological partners via
either sequence-specific or aspecific mechanisms (22). We
found that in the case of CNA, protein-collagen interactions
involve either hydrophobic residues or water molecules. In
both cases, the regions in which collagen participates in
binding (Pro or Hyp side chains or exposed carbonyl
groups) represent widespread features of its triple helix
motif (18). This suggests that the interactions characterized
here likely have a role in common mechanisms governing
the aspecific recognition of collagen fragments. The
employment of waters makes the binding surface highly
adaptable and thus somewhat amenable to possible varia-
tions that can occur in the collagen sequence. In analogy
to the oligopeptide binding protein OppA (62), water mole-
cules can act as removable bricks as well as extensions of
adhesin side chains in facilitating an aspecific substrate
binding.
Bridging waters in protein interactions can be employed
to mediate relatively weak and tunable interactions when
the molecular associations need to be transient. In addition
to assisting binding and recognition, bridging waters can
also have active roles in biological mechanisms, as in the
case of the cytochrome c2 redox protein (cyt c2) of
Rhodobacter sphaeroides. In this protein, changes in inter-
facial waters, which switch from structured to mobile, facil-
itate dissociation from the reaction center once it has
fulfilled its function (63). Similarly, bridging waters at the
interface of CNA and collagen can serve a lubricating func-
tion to favor the dynamical behavior required for the
collagen hug mechanism binding of CNA (24).
Overall, our results highlight the biological role of the
protein hydration shell and the fundamental influence this
shell exerts on macromolecular interactions. This role is
sometimes overlooked because crystallographic structures
of macromolecular complexes are solved at limited resolu-
tion, thus preventing solvent localization. Even in cases of
high resolution, information about dewetted regions on the
protein surface cannot be straightforwardly deduced from
analyses of crystalline structures because crystalline
packing strongly biases the distribution of water sites
around the protein. A large number of studies carried out
on protein molecules in the isolated monomeric or oligo-
meric state suggest that MD simulations can straightfor-
wardly provide a detailed analysis of the hydrationBiophysical Journal 100(9) 2253–2261
2260 Vitagliano et al.properties of a given structure in solution (for instance, in
the simulations presented here, the hydration patterns
converged after 30 ns; Fig. S9), which may also suggest
a priori indications for hot spots in protein-protein interac-
tions (52,64,65).SUPPORTING MATERIAL
Methods, references, and figures are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(11)00381-X.
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